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1. INTRODUCTION 



The purpose of this research was to investigate some 
of the effects of boundary wall perturbations on finite 
amplitude standing waves in a rigid-walled rectangular 
cavity. The investigation was prompted by an examination 
of the experimental results of Coppens and Sanders [Sj, 
the research of DeVall[5] and of Kilmer[43 , which suggested 
the existence of the excitation of modes other than 
those belonging to the family of the driven mode. 
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2 .BACKGROUND 



A plane elastic wave travelling in a non-dissipative 
fluid will change waveform as predicted by the relevant 
hydrodynamic equations .If the problem is extended 

to absorptive media, only waves of relatively high amplitude 
will change waveforms appreciably. 

At the Naval Postgraduate School ,Coppens and Sanders 
[ 3 ], Kilmer [ 4 ], and DeVall [ S] have dealt with the study 
of finite amplitude waves in rigid-walled rectangular cavities. 

One interesting result of these cavity experiments was 
the appearence of excitations of modes which were not 
family members of the driven mode. For example , assume a ’rigid 
cavity of dimensions L^,Ly,L^ is driven acoustically at 
frequency w,the resultant pressure standing wave is of the 
form 

( 2 . 1 ) 
( 2 . 2 ) 

and N,M,L are integers . Eq .( 2 . 1) can be represented by the 
notational shorthand 
(N,M,L/w,0) 

If the cavity is driven to excite the (0,M,0) mode, then the 
family of standing waves consist of all of those of the form 
(0 ,nM,0/nw,9^) when nw = nwQ q. 

As it is stated in £3],"The standing waves which can be 
excited in any real cavity deviate from the predictions of 
the linear wave equation with ideal boundary conditions 



cosk X cosk y cosk z cos(wt+9) 
X y-' z 

where k =NTT/L , k =MTT/L , k =LTT/L 
X X ’ y y ’ z z 
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"for the following reasons: 

(a) . The presence of boundary-layer losses at the cavity 
surfaces yields a dispersive contribution to the wave equation, 

(b) . Geometrical irregularities alter the effective 
dimensions of the cavity. 

Both of these mechanism can be treated as equivalent as 
long as the shift in frequency are so small that the actual 
resonances are close to the theoretical values resulting 
from the classical model." These are treated by assuming 
the dimensions are exact, and the apparent phase speed is 
determined on that basis. 

The resonance frequency for each standing wave is 
defined as f sj 

w =C_r(n k + (n k )^ + (n k (2.3) 

nn*“xx yy ZZ-* 

where k’s are given by Eq.(2.2) and n is a shorthand for 



the set (n ,n ,n ) where n ,n ,n are integers , and C is 
X y z X y z n 

the apparent phase speed appropriate for that frequency. 

The non-linear wave equation applicable to this 
problem can be obtained as follows: 

The continuity equation for wave propagation in Eulerian 
coordinates is 

V.(/t) + |f=0 (2.4, 

this equation can be written in terms of the condensation, 

SSC/^-/o)//o as 

V. C( i+s>uj + |f =0 



(2.5) 



The equation of motion in Eulerian coordinates for a 
contained viscous fluid is 
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+ (it.7)a J = - rP + b’J? v(S7.U)-7VxV^x it +ODAT 



di 

where 






C2.6.I 



(2.7) 



ODAT=Other dispersive and absorptive terms arising from 
boundary effects. 

Eq.(2.6) can be rearrange in the form of 






at 



( 2 . 8 ) 



where the operator ij describes those physical processes 
leading to absorption and dispersion. 

One can write Vxti=0 and therefore UL* 7(J , where ^ is the 
velocity potential , based on the irrotational velocity 
assumption .Hence , a. £ .Replacing it = V^^ and using the 
condensation ,Eq .( 2 . 8 ) can be written as 

Now, with the help of Eq.(2.5) and(2.9), and after a good 
deal of manipulation the non-linear wave equation may be 
approximated in terms of velocity potential 

4a' § = :^ [ f ||- )"] 



( 2 . 10 ) 



where 






9t 

It should be noted that if the fluid is lossless and 
Cp=Co then (2.10) reduces to a previously known non-linear 
wave equation C sD 
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A 



(2 . 10a) 




Y- I I ( ■) 

"T" C| ' 3-t ^ 



In order to express the approximate non-linear wave 
equation in terms of acoustic pressure and particle velocity, 
one can rearrange the Eq.C2.9) in terms of p and u and 
combine that equation with (2. 10). The result is a quadratically 
non-linear wave equation [2] 




( 2 . 11 ) 



f i> / u, 

If It chances to be that ^.nd i } nearly satisfy 

1 2 , 

the wave equation, C, D ( ) = 0 ,then on the RHS of Eq . 

(2.11) CaV^k and (2.11) becomes 



9t- 



( 2 . 12 ) 



Further, if it happens that 3^ f jfL. — H ^ - M-. ] . 

as is true for solutions to the wave equation separated in 
cartesian coordinates, then [2j 



(±) 


- - I 


' ^+1 f ^ '1^1 




V.c*/ 




• “I" V ' -J 


(2.13) 



(Note that this is true only for cartesian coordinates.) 

As it is stated in [,3] "The LHS of Eq.(2.13) is the 
classical , linear wave equation pertinent to the system 
under study. The RHS can be interpreted as a forcing function 
consisting of a three-dimensional spatial distribution of 
phase-cohorent sources. In a second-order perturbation theory. 
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"this forcing function is obtained from the classical (first- 
order) solution of the acoustic problem. The second-order 
perturbation solution describes the nonlinearities resulting 
from the self interaction of the classical solution .Higher- 
order perturbation solutions consider the interaction of the 
non-linear solution with itself, and the forcing function is 
composed of products of both classical and nonlinearly 
generated terms . 

Thus, if a system is driven at frequency w,the nonlinear 
term in ... "equation (2.13) "... will force the existence of 
all integer multiples nw of the driving frequency and the 
full solution must contain all harmonics of the input 
frequency. In a closed cavity, each of those nonlinearly 
generated waves whose frequency lies close to the resonance 
frequency of a standing wave of the cavity and whose 
associated spatial function matches that of the standing 
wave can be strongly excited. Just how strongly will depend 
on the quality factor Q for the particular resonance and 
the difference between the resonance frequency of the 
standing wave and the harmonic nw 

"Consider two limiting cases. 

"(1) If the forcing function does not have its frequency 
nw close to w^,this standing wave is being forced at a 
frequency far removed from its resonance . Since this yields 
the inequality 




(2.14) 



losses can be ignored in . . . "Eq . ( 2 . 13 ) . 
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"(2) If nwi%/w^,then the standing wave is being forced 
near resonance , and losses must be retained in. . . ”Eq. (2 .13) . 



"The value of can be determined from the apparent dimensions 
of the cavity and the measured resonance frequency w^. 

"The losses are described by the measured of the 
resonance . This means that the linear-wave equation operator 



for the system can be written as 

CnO ““ Gla 



0 Qn (2.15) 

"Comparison) of cases (1) and (2) reveals that the 
responce of the cavity when nwq£/w^ is order of 1/Q compared 
to that when nw/^^w^.Thus for the high-Q resonances usually 
encountered in cavities with rigid walls, the components in 
the forcing function which excite standing waves far from 
resonance can be ignored compared to those components 
exciting standing waves near resonance.... 

"The non-linear , coupled , transcendental equation appliciable 



n 



problem can be 


expressed as 








r 5^^ 


fcos , 




COS0 1/2 2_ 


^j^n-j|sin^ 


ao 


A 1 


“1 






^]|_sinj '^n+3 


-^j>] 


(2.16) 



j = l 



for all n>l.The values of Q and w must be determined from 

n n 

the infinitesimal-amplitude behavior of the cavity. The Mach 
number Mg and driving frequency w are known and Nq has the value 
Ng=l/2 for a one-dimensional standing wave 
1/4 for a two-dimensional standing wave 
1/8 for a three-dimensional standing wave." 
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is the Fourier coefficient of nth harmonic component, 
normalized such that R^=l. is the phase angle of the 
nth harmonic component , where /^=0.,and the phase angle 9^ 
is given byfsj 

tane =-F (2.17) 

n n 

where F =Q [(nu)^-w ^]/(nw)^J2Q (Q2^n) for (2.18) 

" ^ “n 

Equation (2.16) can be solved by a method of successive 
approximations on a digital computer . This has been done by 
^3] and[5l and both decided that the theoretical model can 
be used to identify the modes of a non-ideal , rigid-walled 
cavity provided quantities to be defined later are 
sufficiently small. The theoretical model in its present 
form fails to account for the excitation of modes other 
than those belonging to the family of the driven mode. 

This excitation was observed to occur only in the case of 
nearly degenerate modes.lt is believed to be caused by 
some linear coupling mechanism within the cavity. 

The purpose of this research is to see if the presence 
of wall irregularities can explain how non-family members 
may be strongly excited, and to present an example to support 
this theory. 
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3 .DEFINITIONS AND NOTATIONS 



A. FREQUENCY PARAMETER 

The frequency parameter is a quantity which indicates 
the position of the driving frequency relative to the 
resonance frequency , f^ ,of driven mode in terms of the 
of the driven mode. The frequency parameter is defined by 

F^=2Q^(f-f^)/f^ (3.1) 

B. STRENGTH PARAMETER 

The investigation of the pressure waveform in the cavity 
required the calculation of the strength parameter from the 
observable quantities . The strength parameter is defined as 

STRPM=MQfQ^ (3.2) 

where 

Mq=P^/(/?qCq2) (3.3) 

and P^ is the peak amplitude of p^,the pressure distribution 
of the driven mode . 

In terms of observable or calculable quantities it is 
reformulated asTs] 

STRPM=v/2’ V.PQ^/(Sj^/>Cq)^ (3.4) 

where V and S^ are the rms voltage reading and microphone 
sensitivity respectively of the receiver used to sense the 
standing wave. 
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C. e is defined to indicate the position of w relative 
n n 



n 



to the classical harmonic frequencies ,nw^ . 



e = 
n 



w -nwn 
n -I- 

nwn 



(3.5) 



and one can relate e with F from (2.18) such as 

n n 

F =20 e 
n ^n n 



(3.6) 



D. A pictorial representation of F^ which will be useful 
throughout the development is given in Fig. 1. From now on 
three subscriuts will be used for convenience, i.e. 



F becomes F 
n X 




Qnml 



FIGURE 1 

F =[!-( )2]q 

nml ^ nw -* ^nml nml 

^ • _ ^nml _ - 

^nml '^ml Q+p2 Nl/2~^nml 

^ nml ’ 
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4 . THEORETICAL DEVELOPMENT 



A. CAVITY DESCRIPTION 

Assume a perfectly rigid-walled rectangular cavity which 
has one wall perturbed such that the cavity dimensions are 
L [l+€f(y,z)] ,L and L as shown in Fig. 2 below. Also assume 

X y z 

the perturbation on the boundary is very small compared to 
the cavity dimensions, ( 6 fCy, 2 )l« 1 . 




FIGURE 2 

The cavity is to be excited by a source near the origin 
in such a way that the (N,M,L) mode is driven at a frequency 
close to its resonance frequency. 
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B. THE PERTURBED BOUNDARY 



For a rigid-walled rectangular cavity with ideal boundaries 
(€ =0) ,the pressure pg obtained from the linear wave equation 
with losses 

□l^ Po = 0 (4.1) 

is subject to the following conditions, 

Vpg."n = 0 at x = 0,L^ (4.2) 

y=o,Ly 

z=0,L^ 

where "n is the local normal to the ideal boundary. The solution 
for Pg in terms of Mach number is given byC4] 



.^=Mn cosk X cosk y cosk z cos(wt+9) 

/^oCo^ 0 X yy z 

=Mg (N,M,L/w,9) 



(4.3) 



where k's are given in Eq . ( 2 . 2 ) , and 
n 2^, 2^, 2.1/2 

w=c (k +k +k ) (4.4) 

p X y z 

If the cavity has perturbed walls, the solution will be 
in terms of a summation of the classical linear solution 
for ideal boundaries plus perturbation correction terms 
due to the irregular boundary: 

p = Pg + €p'+€^p' ' + (4.5) 

Since the magnitude of the boundary perturbation is kept 
small, second and higher terms in £. can be considered 
insignificant , so that 

p=Pg+€p' (to first order) (4.6) 

and p must satisfy the following conditions , 

□^p=0 (4.7) 
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and 



Vp . n=0 



at x = 0,L ri + €f(y,z)] 



(4.8) 



y = 0 , L 

y 

z = 0 , L 
’ z 

where "n,the local normal to the real surface, is obtained by 
taking the gradient of the equation for the boundary , given 
by [2] 



n= 7 [x-L^[l + €f (y ,z)j] 

Thus, to the first order in 6^ 

X 0^ ^ X 02 

and when Eq.(4.11) is used in (4.8) the result is 



(4.10) 



(4.11) 



(4.12) 



r 3 p .CL -£Lv'i£i^ 

L0X ^ Jx= LxC ' 

A Taylor series expansion [4] for p evaluated at the real 



boundary [l+^f (y ,z)] produces 






'^•x*LxCl+€fCy,x)J " '^'x.= Lx 



£Ljcf 

+ ‘ |!f. C€ Lx 



(4.13) 



Substituting Eq.(4.6) into RHS of ( 4 . 13 ) , taking the partial 
derivative with respect to x on both sides and keeping the 
first-order terms in £ , yields , 

- 1 -u ^ 
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”3X lx»Lvti+efty>2)] 



ox I , 



= Lx 'xsLx (4.14) 



Taking the partial derivatives with respect to y and z and 
using exactly the same procedure gives 



If. 



21 . 



H- £ 



XsLxC'+Cffy.i)] 



2lL 

'^3 



x-Li 



'Dysx 



XiLv 
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2L 

'3Z 






+ €^'l 


1 H- 


x-.U 1 


xsLx 



eLxfOi^) + 



(4.16) 

Substituting ( 4 . 14 ) , ( 4 . 15 ) and (4.16) into (4.12) and keeping 
the first-order terms in £ results in 

'3X 



'^z -^X=L, 



(4.17) 

The RHS of Eq.(4.17) can be represented as a Fourier 
series in cosines, so that p’ can be expressed as a summation 



of normal modes. Hence, 

) ® 



2L 



_ ^ cosi—:/ coi(wt+0 ) 

xsLx ^so ^ 



or 



(4.18) 



It 

'hX 



00 CO 



^-1-^4. mio Uo 



where 






dz 



-:^^z 0 0 

yj~T 



= ifu II 



loL = 



2 . 

L^Lz 



0 0 
Ly Lz 



[| C6]cos^<Jjd^ 



(4 , 19a) 



(4.19b) 



(4.19c) 



0 0 
Ls Lz 



' 7T IJ ^ 

Lm Lz 0 o 



m^o 

^0 (4.19d) 



I-J -i 0 0 

and G is defined as 



r- V 



X= L. 



(4.19e) 
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In order to find the contribution to p' from each of the 
terms, it is stated[2] that for a cavity forced by a dynamic 
boundary condition at a boundary 



2„ 2_,_ 



□l p 



= 0 



(4.20) 



and the dynamic boundary condition from the (m,l)th term is 

I 



'3x 

then 



= A cos-JH j cosiiz. e 









00 



cos~i( cosVt^ ^ 

/ w \2 1 4— L 



(4.21) 



i(wt+Q+<rntnL^ 



(«) 



Lv nso 



nmi 



Lz 



where 






if n = 0 

if n=l , 2 , 3 , . . . . 



(4.22) 



(4.23) 



and is given by Eq.(3.8). 

Applying this solution to Eq.(4.18) gives the complete 

solution for the first-order perturbation 

00 

I / 

f = 2^ ?mL 

(4.24) 



maO 

Uo 



00 

^'^mi "^nml ( 1- / VA// 9 t ) 



and combining (4.24) with (4.6) yields the total acoustic 
pressure in the cavity. 

ic7)'-‘S.;°o (“-js) 

1 = 0 

If this is near a resonance ,w<vf w . ,then this term will 

nml 

dominate the summation and all other non-degenerate terms 
can be omitted . Consequently , the Eq.(4.25) becomes 



fe) 
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5 . SPECIFIC EXAMPLES 



A. CAVITY WITH STEPPED PERTURBATION 

Assxjme that the rigid-walled rectangular cavity given in Fig. 2 
is perturbed as shown in Fig. 3 be low, and also assume that the cavity 
is driven in the (0,1,0) mode resulting (O,l,O/w,0) standing wave 
and that the (0,2,0) and (1,0,0) modes are (nearly) degenerate. 




FIGURE 3 

From Fig. 3 the equation for the boundary at can be found. 

By means of Eq. (4.8) € and f(y,z) can be written as 

^ Lx _ 

L'<y<L 

Since the (0,2,0) and (1,0,0) modes are degenerate the emphasis 



(5A.1) 

(5A.2) 

(5A.3) 



of this development will be on these particular modes. The pressure 
distribution of (0,2,0) mode is 

'^020 “ ^2 ^ ^ C2W-1 + 02 ) 

or (5A.4) 

^ozo^?2 (0,2,0 / 2vJ,ez) 

where ?2 is the amplitude of (0,2,0) mode. 
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Utilizing the theory developed in the preceeding sections and 



using the equations (4.17) through (4,26), the first-order perturbation 
correction can be found 

"5^^ Jx*U (5A.5) 



d% 



XsLx 



- cos(2wt + e 2 )l[<r()j-L*)-<S(i)-L)jf 

Ly ‘-a 



Eq.(5A,5) can be written as a Fourier series 

If! 

9x ^ 

Inversion of the Eq.(5A.5) and (5A.6) yields the Fo'jrier coefficients 



- 2TTp2Lx V <3_ COS—'/ COS (2W-b + 62 ) (5A.6) 

=Lv ~iz — ^ *-:/ 

‘-:y mso 

le Eq.(5A.5) and (5A.6) yields the Fo'jrier coefficients 

3„ (5A.7 

L'vi ^ ^ *V 



and 



(5A. 8 ) 



(5A.9) 



3, .-XUn( 41 lL')-sin(^L)] 

Recalling Eq,(4,23) and (4, 2 4), first order perturbation correction ,p' 
is found as 1 • trx <C 2 wt + 02 + <?roo) 

and 

I /iTtO H rr^ t(2W't + 02 + ) 

£f = i!^e 3 ,-^^q,„si.-or,oCos^ e (5A.10) 

(cT) 



where 




) 



2 



Hence, the total pressure , associated with the angular frequencv 2w, 
in the cavity is 

f =fczo*^f' 

= ?zio,2,o/lvl,^z)+ ( l,0,o/2vJ,et+ aT,c) 

(5A. 11) 
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The total pressure at the microphone -Dosition,x=0 and y=L ,is 



f - fj Re je + [ ^ Sm«r„] e 



( (2u/'t +©2 ^oo) 



»m4C.po5ifion 



'j 



(5A.12) 



Define B= [ ] and after a little manipulation and use of trigonometric 

identities , ( 5A. 12 ) becomes 

'Pimic posWotT P2|C> + BCosC^o)c®5(Zw/t+e2)-(6sinC;;o) Sin(2wt+ej) 



and the amplitude of the total pressure in the cavity is 

P|, 



Imic.poaiMon = + 



(5A.13) 



(5A. 14) 



Eq.(5A.14) is the coirrected value ot the amolitude of the second 
haimionic ot the drivins mode , obtained bv Ec. (2. 16), because of the 
boundarv irregularity given in Fig;. 3. 

New, it is desired to express sin<^jj in terras of the Freauenev 
parameter of the driving mode, (0,1,0) .With the help of Fig;. l,sinC^Q 
can be written as 









(5A.15) 



If f approaches to zero then approaches to IT ,and if f 
approaches to infinite/ then is close to zero. In these same 
limits cos goes to -1 and +1 respectively. Hence 

^loo “ “ 



(5A.16) 
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For 2f f 



100 



,(5A.15) becomes 



sin — 



'Vi 



(5A.17) 



U4(2Q»oo 

^ T‘lOO J 

Recalline Eq.(3.1) and (3.5 ),F^qq and s^^qq can be written in the form of 



Fiio = 2GIoio 



and 



fo 



ko 



> _ f\oo - 2 ft)io 



(5A.18) 



(5A.19) 



Eq.(5A.19) can be solved tor f]_Qg 2 nd this substituted into (5A.17) 



- 2 f-fioo __ 0 ^' 0 ® -P- foio C ' + ^100) 

^'^100 —pr Zbloio - — — ;; 

rioo Moio toio C ' -H £ioo ) 

Use of l/(l+e^QQ)=l-e^QQ and little manipulation reveals 

i 



(5A.20) 



■3‘^<^oo = 






(5A.21) 



As a result , equations (5A. 14) , (5A. 16) , (5A. 21) a 2 re the final amplitude 
correction of the second harmonic ot the driving mode obtained bv Ea.(2.16) 
A computer program for this was developed bv author and is given in 
appendix A. 
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B. LINEARLY PERTURBED CAVITY 



Using the same assumptions in section A, assume that the rigid-walled 



rectangular cavity is perturbed linearly as shown in Fig. 4 below. 

J 






-SlAit- 


• mic \ 

\ 

\ 

> 


V 

\ 


• Source 


\ 


L 


X 



FIGURE 4 

The equation for this perturbation is 






Hence , 



and 






(5B.1) 



(5B. 2 ) 






(5B. 3) 

Applying the sane procedure as in section A, the tirst-order perturbation 
correction and the total acoustic pressure associated with angular frequency 
2w in that particular cavity can be found 

df' 






= Cos(2W1:+©2)](--^) 



_ sinM.^ cos(2wt+ Qi) 



(5B.4) 



Eq.(5B.4) can be written as a Fourier series and the Fourier coefficient, 
a^,is found by an integration procedure evaluated in the interval 
0 to L .The resxxLt is 

y 

, . c»s(2-m r!T^ co;,a4m)Tr | l_ I , „ ^ z 

TT ( C2-nn) CZ-fm) (1-rn) (Z-hnr\)J 



<3o - 0.0 
= 0.0 



(5B. 5) 
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Recalling the Eq , C4 , 24 1 ,the first-order perturbation 



correction for CQ-,2,Q1 mode is 







and the total acoustic pressure associated with angular 
frequency 2w in the cavity becomes 



According to the calculation developed above there is 
no need to make a first-order perturbation correction to the 
CO 5 2 5 Q 1 mode in the cavity shown in Fig, 4. As a result, the 
pressure distribution is equal to the second harmonic of the 
driven mode, since aQ=Q.Q. and this yields ^*=0,0 




( 0 ' 



(5B.7) 



since aj^=0 . Q 



(5B.8) 
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C. CAVITY WITH V/EDGED PERTURBATION 



Under the same assumptions made in sections A and B, 
assume that the cavity is perturbed as shown in Fig. 5 below. 




The equation for this perturbation is 



X = 




(5C.1) 



By means of Eq.(4.8) £ and fCy,z) can be written as 




and 

fo.z) =0.0 




. i/ > /2 



(5C.2) 



(5C. 3) 



Applying exactly the same procedure followed in section A, 
the total pressure amplitude in the cavity (in first-order 
perturbation) is 



P 



\tnic. p 



osi 



fibo 




(5C.4) 



where 

0) = € Qioo sio ^OQ 

sin(?j^g and cosC^^ are given by Eq.(5A.21) and C5A.16) respectively. 

The theoretical predictions of these specific examples 
were examined with series of experiments developed by [8] . 

The further discussions about these will be given in the next 
section . 
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6. RESULTS 



In this section the theoretical predictions performed 
in sections 5A, SB and 5C will be compared to the experimental 
results obtained by C83 . 

The information on the empirical losses and resonance 

frequencies is contained in the Q's and e's. These are the 

values used in the computer program to predict the harmonic 

distortion on the basis of Eq.(2.16) and is plotted as thin 

solid curves. The results of including the first-order 

perturbation correction are plotted as thick solid curves 

for each specific example. The theoretical curves in figures 

6 through 16 were plotted along with the experimentally- 

measured values for the cavity configurations shown on top 

of each figure. The theoretically-predicted values were 

generated for frequency-parameter intervals of 0.2, and 

the experimentally-measured values were plotted as square- 

blocks. Data were taken, and theoretical predictions made, 

for different strength parameters for the (0,n,0) mode 

associated with different cavity configurations.lt is 

important to note that the n=2 distortion peaks when the 

system is driven at this frequency . That is, when the driving 

frequency w is equal to (1/2) W 2 , there is maximum content 

of P^.The point where this occurs for each P /P, curve is 
2 ^ n 1 

3n 

indicated by^yarrow with the label of FQ 2 g-At that point 
the value of frequency parameter is 

^ 020 ~^ ^010 ^020 

(The same thing could be done, of course, for any member 
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of the (0,n,0) family). The arrow labelled as indicates 

the position where the nearly degenarate (1,0,0) mode is 
resonant, and the value of F^qq is 

^ 100 ^^ ^010 ®100 

The theoretical predictions made in section 5B were 
compared to the experimental results as seen in Fig. 7. 

When Fig. 7 is compared to Fig. 6, the unperturbed cavity, 
it is clearly seen that the theory and experiment are 
excellently in agreement. 

For a wedged perturbation, the theory predicts the 
frequency of the second harmonic at which the effect of the 
perturbation occurs as seen in Fig. 8. The predicted magnitude 
of the perturbation effect for this configuration is in good 
agreement with the experiment . The anomolous behavior of the 
third harmonic in Fig. 8 is unexplained. 

For stepped perturbation, when the cavity is perturbed, 
but the geometry leads to no predicted correction as seen in 
Fig. 9 or leads to predicted correction less than about 0.02 
as in Fig. 12 or less than about 0.05 as in Fig. 14, then it 
was observed that there was very little or no effect from 
the (1,0,0) mode . Agreement for these cases is good except 
for the region lying between frequency parameter 4 and 9 
in Fig. 9. What happened in that region is also unexplained, 
but it was observed one time only. When the amount of 
perturbation correction is increased the theory predicts 
effects larger than experimentally observed . However , the 
effect of the perturbation appears at the right frequency 
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parameter as is seen in Fig.’s 10,11,13,15 and 16, 

Choosing the shim position, length and magnitude is very 
important as well as is choice of the strength parameter. 

For the shims, A =0.04 and 0.25 inches for stepped and wedged 
perturbations respectively . The effect of strength parameter 
can be seen in Fig.’s 15 and 16, The experimental data associated 
with the third harmonic in Fig. 15 were believed to come from 
harmonic distortion in the piston motion. 
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FIGURE 1 3 
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FIGURE 16 
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7. CONCLUSION 



Non-linear theory has been applied to standing waves in a 
rigid-walled rectangular cavity with a perturbed boundary 
in order to find one possible mechanism for the excitation 
of a standing wave other than those belonging the family of the 
driven mode . It was observed that such an excitation exists 
if the boundary perturbation and the dimensions of the cavity 
are favorably chosen. 

It appears that the present theoretical model succesfully 
predicts the major features of harmonic content for finite- 
amplitude standing waves in the cavity when the geometry leads 
to no perturbation correction (Fig. 7 and 9). When the magnitude 
of the perturbation is increased the predicted features were 
larger than experimentally observed . Second-order perturbation 
corrections may be needed to account for these discrepancies. 
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APPENDIX A 



The original computer program for Eq.(2.16) was prepared 
by Coppens in 1973, and author made some extentions to that 
program so that it would (1) calculate the perturbation cor- 
rection and (2) present the results graphically. The program 
calculates the relative amplitudes and phase angles of stan- 
ding waves in cavities keeping the strength parameter constant 
and changing the frequency parameter to generate response 
curves showing the amplitudes of the nonlinearly excited stan- 
ding waves as function of the frequency parameter • It also 
calculates the perturbation correction according to Eq.C4.24) 
and then finds the total relative pressure amplitude using 
Eq.(4.26). The program also draws the graph of the relative 
pressure amplitudes of the ideal cavity, total relative pressure 
am.plitude of “he perxurbed cavity and the experimental data 
on a 3 cycle semilog paper. The Versatec Graphics Plotting 
Manual ClQ-] was used for the graphical processes on the IBM 
36Q of the Randolph Church Computer Center, Naval Postgraduate 
School . 
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SOME USEFUL INFORMATION ABOUT COMPUTER PROGRAM 



* Quantities marked with (*) must be controlled or changed 
for each run. 



*KON 


The number of iterations throughout the region 
of interest. For this program the iterations are 
performed with 0.2 intervals. 


*NCUR 


The number of the experimental curves to be 
drawn + 1 


*NDAT 


The number of experimental data in the region 
of interest 


BUR(I , J) 


The array that stores the experimental data 


*XL 


The length of the cavity in the x-direction 


*YL 


The length of the cavity in the y-direction 


•‘DELTA 


The magnitude of the perturbation 


*STRPM 


Strength parameter 


••■FREQ 


Frequency parameter stored in ATA(I,1) and 
ZER( I , 1 ) . Input as the maximum value of FREQ 
in the region of interest 


XDAT( JET) 


The X coordinate 


YDAT( JET) 


Value of the curve f(x) for XDAT 



ATA( I ,N) ,N?^lThe array that stores the logarithmic value 
of the pressure amplitudes of the harmonics 
of the driving mode 

ZER( I ,N) jN^lThe array that stores the linear value of the 





pressure amplitudes of the harmonics of the 
driving mode 


■‘Q(I) 


Quality factors of driving mode and harmonics 
of it 


*E(I) 


e's value of driving mode and harmonics of it 
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*Q10 0 


Quality factor of (1,0,0) mode 


*E100 


e-value of (1,0,0) mode 


*XDAT( JET+1) 


Integer value of left-hand corner on the x-axis . 
It must have the same value as the 7th argument 
of subroutine CALL AXIS for x-axis . 



*YDAT(JET+1) Integer value of left-hand corner on the y-axis . 





It must have the same value as the 7th argument 
of subroutine CALL AXIS for y-axis . 


XDAT(JET+2)‘ 


' Increment value of x and y for scalling purposes 


YDAT( JET+2)- 




HUM 


The linear value of the total acoustic pressure 
amplitude associated with angular frequency 2w . 



t ^ 

^ ^10 0 G^gO ) Ly a^ for stepped perturbation 
QlOO sin(JY*gg (ag/2 ) for wedged perturbation 
* and ag is the 0th Fourier coefficient. 



48 



o 



•H\J 

^>0 

m<i 



Oo: - 





wOCM 












•H 1 






0 ••'O 












1 


















0 1 






--Oh- 












»H 1 




QC 


Oin< 












1 




Ooo 


in— Q 




•> 








H* i 




LLUJ 


^u.>- 












< 8 




I— ^ 


Knee. •» 












Z 1 




cc — 1 — UJ 






X 








X J 




5 -a -> 


— *0«M 




X 








U 1 




1 ^ 1 


0 












X I 




1 t/1 »-=^< 3 J 


in—— 




•i 








1 




1 xo 0 1 


— OH- 


ro 


X 








X 1 




1 z a H- j 


oin< 


• 


CO 








H- i 




1 O 03 liJ 1 


<1—0 


m 






•k 




X 1 




1 Q<CCoO 1 


U.OX 


LL — 


m 




• 




3 1 




1 LI. ZZ Z I 


•» » v» 


•.fO Nv 


UJ 




X 








UJ 1 OL <OUJO ! 


— % 


• • *- ••v^ 


o 




0 




^•-4 1 




0 1 a I 


000 


II ^oininm 


0 




1/) 




♦ 1 




Z 1 — 1 


tnu>o’^ 


Li. 


h- 




X 




r— z 1 




<l 1 r- ZZl/)UJ 1 


— 




00 




«» 




<13 1 




X 1 X 1 


<tULJ— ^ 


OL* • • 


..J 








Q-a 1 


— 


0 1 <OQ-ZUJ ) 


H- •‘>00 


HI II II II 11 


X 




X 




X 1 


X 


tOH-UJXo-iX< J 


UJ— 4 


H- 


X 




-4 




OQ 1 


3 


C 3 »UJV)Q<QK- 3 


XO— <M 


UJe^ 


< 


— 


1 — 




< 1 


0 


LLlo-i OC UJ 1 


1— mo 1 


zuj 


• — <*■> 




•-N* 


— 


KUJ 1 


Z 


af-no ujz)- 1 


•wO*^ 


<H- 




m • 




in 


ZCO 1 


•k 


U-o-ih-ZUOUJ(2-< J 


— X(MCM 


QCUJ 


X » • 


•0 


X- 


• 


m I 


pH 


> 1 c-HtijarOCoi 1 


Oo-i— 


<Z 






zx 


Sf 


xn 1 


(1 


<X 1 K-»-XH-iAJ 1 


mu->oo • 


CL< 




•HX 




•-4 


i>^h- I 


3 


u 1 a<h-</^z I 


^ ^ ^<io 




. XX 


X «-4 


XI/) 


X 


^ ! 


•» 


1 <0 tu 1 


O-I— — X* ^ 


X<i 


ZQ..^ 


m - 


• a 


pH 


XI</> I 


— 


Z 1 H-3ZOOO J 


XOO-JO • 


H-CL 


— • 0 •• 


•0 




*> 


XX 1 


3 


1 mO^CL 3 


CLin,-a ••sO 0 


0 


^ — .4- 


<^•-4 


X 


> 4 - 


x:> 1 




1 -J UJO 1 


— ►xco ♦ 


zx 


• X • 




O'X 


• 


XX s 


•—3 



LJjfr -4 uuj:^ 
>OUJ > O 
<<K 2 :<X«J 
jCLU< 1 < 3 <C^ 
(xaco: q:u- 



.2 1 


0 xooo 


O-K- 1 


Z<tZOZOc/^ 


X 1 


xh-Xc^l- 4 Xx 


00 1 


0<I0XQX0 


l-Q 1 


ZQ Z Z 


X 1 


<r Ot/)<ix< 


OZ 1 


I-OZ>hH-XX 


Xc »4 1 


i/^Z<XtOH-0 



OX'OQO’' 



• 4 - 

CsJ 



LT\a 

CL ► 3 rn<Ol— 
2 I-*CD I < 
<10 ••'^CtOO 
o:tn— 

oe-^ ^<ta::><t • 

9 -qt— cvixuj •"Om 



UJO 

Q^Z 

l-!AI 

003 

- ao.x 

*yjo< 



in •• 

UJ • 



•O m 



UJ 

Z- 



in 



inujxm 

IX.* vnii 

*-1 

a a. 

in •s^ininmu-rn •z 

XlXh-XH- o^X»— 0 -<o-«t-KK >4 •XO-i 
rOLLZZZ •*nO< «< 50 CL-^ •• 

rO- • • • Xi^QCXXXX^CMQ»-|X 

'V. *fc •» *fc • rvjcsjivjotu'^* xr*>* 

’^xxxx^’^ *-Og*H<\;r-IC 0 '^ *^04 

^mrnmrnwwXw^^wwwX'--w 

'O h- rn ro ro cn h' ♦— ,- 1 H- H- h- H- f— f— h 



00 <nO— 

uj^a:<<a<<c. '^xx’^xxxxa: x*^xx 

z LuH-f— ♦— • hOOzc^ a:a:cxQCQC at oco: 

rvj<i<x<l<I H » MOO OOOJaLJUJ oo 

Q Qt-JaCJO^-JX^LL LLLL CLLLULU-U-O. ^UL 

cNJm <Mrn' 4 “tn cm cm 

rsjrn M*tn>oi^a3u> 



o 

UJO 

X 

KLL 

O 

00 

CJCX 

<LU 

UJo 3 
o:z 
3 
inZ 
r- »i 
<rcc 
3 
00 
oz 



.'^^oo 0000000^ 



0000 



QC 
3 
h- GD 

Q 

■ ■< '< 
f-40 

H O 

^ r. 

rnc^ 4 inm 
II II r-w 
<xh-<fQ 
ZD <1 <i 

OC^LJUJ 

^zoo: 



in 

r- 

sf 



49 





1 






UJ 






1 






o 






1 






3 






1 






I— 






1 












1 












1 






Q. 






1 




V/) 


2. 






1 


1 


OJ 


< 






1 


1 


<t 


1 






\ 


1 


-J 


-JUJ 






1 z 


1 


LU 


<oo 






1 o 


1 


CL 


x< 






1 o«g 


1 




1^0 






1 ^- 


1 


00 LL 


00 






! 


1 


CL O 


UJX 






I U4 


1 


UJ 


1 






1 QL 


1 


r-~ tu 


s-^(X 






1 ^ 


1 


UJ 3 


^ 5 






1 o 


1 


a. _| 








I o 


1 


< < 


0.0 






1 


1 


QL > 


^z 






1 2: 


1 


< 








1 o 


1 


Gl > 


Qc: 






1 


1 


CD 


ooo 






1 ^- 


t 


H- 


UJO. 






1 < 


1 


3 ZO 


»— 






1 CO 


1 


CL ujin 


<00 






1 a: 


1 


z > 


^CL 






1 3 


t 




OOJ 






1 K 


1 




OI~ 






1 CL 


1 




-JUJ 






1 tj-t 


1 


>O0X 


<x 






1 CL 


1 




vj< 






1 


1 


oox 


QC 






1 CL 


1 


(DZ 


o< 






1 o 


1 


OCX 


OCL 






1 ^ 


1 


< 






— • 


1 


1 


-JU-O. 


3UJ 




>oo o o 


1 U7 ni 


1 


3LJO 


'TOCO 


1 i 


c. #o ♦ oo 


o \ ^ \ 


1 


o I— •m 


1 X2inm 


UJUJ 


00 *o *oo *oo • • 


O «0 1 3«Oiu 


^ 1 


2->^00 


Olh-<r40DoO 


mm 


ti .,-4 *e» • w^u *oo 


m*-4 • 1 —1 


O 8 


<-J tHCVJ 


in 2 • • • 


0000 


-1“ II O U o— II It It ooo?^ 


^ It o<no 1 <io'>r 


• 1 


h-“>-oO.^ •CN 


r^oujcjNOrooo *o 


II — It II — • • • • 


II • • 1 >ff> *o 


O 8 


OXuull o • 


oo • •oCootnoin 


• vO • 


H- -*2— -Z-^-^ZZOOOO 


o<^ 1 fom<j» 


• ti 1 


uj<uj</) II iA«H<M0<-iujUic\jrn>j’0 i ^ 


<oz'-'ZOw.<2:'-^'-' II li ti It 


• II II 1 1— It II *CM< 


QCtxxcua: It 


II It II II XqC It II It 


It It ti 


3:m«^Q-wo-«c-4»— — •^mo. w— i ooou^^k 


<CLOXo.XZ ^ — 




u. XLUOCX-c^^ZZZ It 


II 1 0.00 II 


It ^ 










u«Qa.cx.cLQ:oe-u.oooo<-JUJ02Q-Qf:cL(>oo | »-houjx>q 


q1V)U-^2:LLQC oooujujuj 



^ o 

o in 



oo 00^0^ 






50 



4^0 



X 

0.0 

o • 

o 

— Q II 

-zz 

w<CJ 

X-H- 

Q^Z< 

O-'Q: 











o 
















O 0 - 4 X 
















xr-o 




z 












1 <<>«• 




W 












I QLX 




(X 












1 ^ 




oc 












1 ZCI^ 




0 












1 




0 












1 OxUJ 




4 - 






— » 






1 e-< K 




0 






X 






1 KOOX 




• 






<z 






1 <ui<x 










X 






1 QC 3 




w 






z 






1 -**• 




♦ 












1 I^<Z 




U\ 






«-4 






1 ai> II 




• 






II 






1 z 




0 






z 






i 




Mr 






•k 






1 -a<u- 




— . 






•— 






! <^jO 


0 


— ^ 






z 




— «k 


1 »-d^ 




•H h» 






W- 


# 1 ^ 


z 


1 >~<>huj 


(tn 


r m 






LU 


z 


ULI-k. 


1 0 -IZ 3 




z 






•k 


UJ 


oo 


1 Z^->-l 








— » 




-k^O 


xo 


; <x 


>0 


C 3 L r-CM 






z 


cNJrvjx 


CL 


S 


m 


X nir' 




• 




OQ •• 


X< X 


! fO»U 


•» 


►m 




tn 


o 


XXX 


CO »k UJ 


1 guf-uj 




(X*- 4 ^ •* 


z 


-- 1 


•k 




zz 1 - 


I rn<a:x 


nQ 


V. 1 r^cg 




zz 


z 


«-4 CSJfvJZ 


XOO.^ 


1 -Jh- 


CO 


—zmr- 


a. 


XX 




-- # * X 


*q:xx 


i X 3 z 


— 


2 :w--*cn^ 




.-rw- 


— o 


OXX 


X<IUCl 


j 


xZ 


X w^o-^ 


XO 


X K</> 




X*XX--- XXCNJLL 3 wh.,x 


1 3 _aZx 


<C «0 


< ctXam* 




< o:o 


^ M\J<—ujUJZZ:Da 3 2 CQ 2 (\j>vl- 


1 0 <&* 1 <X 


XX 


X xcL \ 


0 4 -Z^ 


X 




• XZI-H'^lUZX<ZXXU.oo 


i GdU< 


zoc. 


ZO < 1 — • 


•X'-Z 




O II OZw^ -^OQXXH- X 


k^<iao* 


1 X KOI 


•* 1 


► «0 a:— X— Csj 


rsJxO'-' 




k^CO 


1 •kUJCLO'^Xww< 1 


4 - 1 — xm 


t 1 


rg-^ 


xo • wiru.>«i 1 


•¥ r »». jt t 




uj— lo^* i: 5 uj-k*t— »- II xz<h- #Q. 


J coo 


II ^ 


II II oro II wo-«Q.u->rxo»— X 


it h-f-I^Utl— 1 


LU II OQC.QC.HZQCQC — 3 UJ II 1103 


1 UJrO Q- 


Zw 


- 5 -k, II CO--k«-iO 1 LLr--CU 11 <fX 


Z<^ » 


Dc-o^q:Z •luX'-^<uOOZZO — — II 


1 o' oxx 


X 


o-^^coz X'-'LL^<tn»^— ^a. 0 



Ooo^o:ou« oj I I cjocot/^^xxxz-^x 
o^-j II II II o II It II II X II II < II (I II 

aox— srQ>c;'Q-Xxz II Q-LLj—Zoa.Qci^O 
— > X I3cOLUCvja-aJuJ»-i^Oa:QC.OUi 
V-J cr LJ UJ ^ Z Q QJU X X on QCCJ LJ <1 Ct 
OXOh-XXX 



II 

t-ixrjtuo 



uuoz<<ooo 2 :i-i<m ^-5 qz* 

XO<o:X • •GD<t I GOO'-'OO II Xe^a II O M *-«Ni 

Z^-«On^a:zro*.^»-o-ox<ou- kxixh-h- 

II n II ^ II I— -I- r— u-w^u. UL II II 
I— *-4C\Jt«JLL.h-CJ<lU.O'O^X 

z^-h-Qi^ZQ a: o oa: Lj*-i^.go oo 



LT* 


d 


O' 


CVI 




•-4<M 


(tn>r 


00 


(-n 


0 


00 


r- 




r-f^ 






CTi 


(tn 


m 


(tni^ 


fO(tn 



ooooo 



51 



cx.;z 

ujwo 

LUX 
3L O.LO 
<l CL 
Qd 

O.XLO 

2:03: 

Ol>«3<t 

Qd 



z 

o 

a 

r) 





A 


h-<0 










0 








X 


<ci:o 










lU 




CL 






-J Qd 










00 




-J 




OM 


OC>^U. 














c/> 




X 


CLUJ 










CO 




0 


« 


Q. 
















•b 




Q 


Qd-<^ 










z 




UL 
















a 




z 




A 


XX 










»-« 








X 


UJOUJ 










1— 




Ql 




w 


-J,J 










<r 




Q 




o 


lO< 














•» 




#-• 


lUOh- 










X 




CL 




h- 


2 : z 










0 -^ 




-J 




< 












-JIM 




00 




ad 


XLU 














Od 


•» 


•» 


CICXUL 








z 


00(7' 








CM 


ULif-C=< 








h- 


ZUJo-^i-H 


CM 


LL 


r^fvi 


I- 


1- 








-»• 


ZH-Cdh- •" 


w 


z 


>rr- 


«• 


UJO 








z 


h-^ <CM 


0 








QZ • 






X 


I-ZZ 


•^cru' 




Qd 


'4- 


h- 


<Q-0> 






-W- X 


1 odQ 


**^00 ^ 


H- 




r^csj 




OCO 








Q 


Qdl— .Q 


< 


h- 














x-^-* 


Zh- 1 »-<ZrM 


Qd 


ZCL 






zz •» 




<«•» 


'-'Z 


* ZZZUJ 1 Q <CT' 


1 


— 0 


X ► 




•nnx •* 


H- 


z— 


0 ^ 


Z)-f-llJO(-JXO 


0 


(Mh- 


Q.mo-4 »-i 




^ •*CdCMI— CD 


z 


'--z 




^ 1 I 


QOdX-H* 0 -^ 


♦ 




1 r^CL CL 


0 


II nOX II Z •» 






l-xx 


H-C^ocr^-W- 'll* LL LL «0 




vO ► 


-^>r* * 




Z^H-Z 11^ 


CMZ 




<CL^ 


QU.ZZ»-I • 




w|— 


C\|^rQst‘0 


LU 


JUJ zoo 


II w 


l-X 


QdOXO 


'v-l?* * o:ZZ(^0Mi II ^ 




ujz 



#r<-. •LUh-UJLU h-OJQd — Zh-Z<c^ 4- 4- + •UJO^Z 2L ZDo=><ia. CT LL | OOM«>— H 

^Q-f\js 4 -Csl 3 o-iX 30 »^( 2 :UJQdfM 000 OCodOX^S'Sr^O •SrZIDX^'O XU. • 

<-o I I >Za:2’2:o“^tu>a I 000 • • *ooo>v > + +odo2 + n '-^LLo-tz^caz’od 

CDOs|(V4004o-i2:o- 4(«}03XOLLH- • • «000 •O^-JOodO^h- II II II II LL II II jj || c-^xO 
<1— ►“»-|— »— >—— < ^OOO II II II 0*-4U- •»— I— H- II II II XK ^OdQLLZQ-CL C3dlJLa.|— CD 

^ II II H Z^2T n II i-l II II II 2T-d:id II U 

ULCXQ^’Qdt-l^C 
xh 



(1 


II ^ 


zz 


LLULCSIOCMO 


000 




OOQ 


f^CM 


m>r 


om 


i^r* 


i^r^ 


CD CO 


vj“^ 


'4- '4- 





:c-J02: II orcj-c^Qdo^ocjo-^— 

:x»— ^-^-l-^^oodXXct:aa:c 



CD 



o 

LT 




O^U 



00 



52 



a 

2T 

3 

LJ 



Ul 





XXZQd 




























— -J 




on OCX 












2 -J 




WLU.O:— 












w < 




II 2 












X 




^ X ■*— — * 












^ — 




2UJ20 












< X 
















Qd -J 




r-*^-U.CJ 












2 




X X2 












odujuj 
















ou 1 




LUar 












x:? 




OH- — 












2 




2<Q2 








CO 




CO 












UJ 




UJ •UJ 




OO09 








3 




3X-I 
















— I-J 




X:<UJLIC3 












<1 -2 




— Qccuai 








Z> 




^CM«-* 




Q-h- f— 












II 




xx:>^<! 












J^2 




<UJX»^ 








UJ 




HU X 




Qd ao 








2 




2QdO 




a a 


r-l 


CM 








OX 




cozooo 


r- 






CO 




tox 






CM 


CM 




LU 




m 2 




1- « 


•» 


— » •* 




>- 




H- — ULi 






o 


2 CM 




< 




<T2X 




•J^CLULI 




w fwcn 




-iX 


— 


-J— H- 


aa 


^ 1 ZX 


(M 


a^cMr-. 


-»-—>* 


3-1 




30 


XX 




•» 


0-42 4^ 


22 


o • 


• 


O 


lUlU 


«j2:cx: vo 


o 


H-— 'in ^ 




— Jf-i 


f-4 


_jo— 




<X— CM 


h- 


<<cM^-rno-4 




< II 


4* 


<22 


•fr ♦ 


o • *• 


CM 


odXCMr-x 


xxx 


U2 


2 


O<*-40 


CLO. 


— ^oo 




♦ X-^CM-fr 


♦ XX 




X 


XX 


-I-J 


0OX< ••D 


2 


-•Qc«* «0 


' 


OX 


i 


^ •>XUL4 


tooo 


r^< o<M 


(Xc-4 


x<l- • 


• 200 


oo 


X 


rO— • 


o:q 


OCMX *• 


oxx 


1 ^ 1 r-cM 


CMo^O 


cnx 




*-^2«J 


1 1 


in X «oo 


HodO 


2^^tM 1 


4-000 




X 


— ' o 


U-li- 


•"3 XK>0 


2 1 ►- 


^ 1 








3tO— l-x 




cMcxaicj CM 


•^2 


X22t>^2 


«— 


X2X—I 




X 2 —1 


— ^2T9-4*^ 


II -r 


Xr-4 


X'-'-'Xw 


--22 


X— _J — X 


X -> 


zxo:q. 


XK 2LUX 


-112 •O 


1 1-4 




i-xw^x:x 


l~— -^MJCM 


'-^'v II Q 


_J Q. •4D< 


CM II 2 II O • 


Qoaxx--XinxcLX 


>4f— II 


wX 


2XCO II 0<^ 


KO-* II UJUJ IJU-JH- X 


>0 2w-5 H OOOr^ II CLXX:Xr^C3LXXllJWlUJLL<X2:i— U-LUUJ--^X 2 • • 


< *2 — 


33oa:-i-2UJZ 


(MX Q. — II 


• •CM— n H 


CM II <<33o: a 


< II 3aCf>^<’MJ 0(5-^ 


II II Qd 1 


<voxr-“5— 


OO 2-^c/)o-o— 


— .QilXZZUJU lOO — 


2ujxxa:o II II 


«J II O'-^' 


5*1‘«OX^Z<XXOX^-<^-'— -5 


II II 0'-'2cDX202 II II c^t^XOXO— J2 o-3XX^<0— ICM 


H-rn -J-JI— ZCMOdCMO-—* 


— w<Ci.w 


1 — 


K K- II mx — 


h- 9-400 


n x^-i- 


2X '-• •• 


II ^ 


-5-3 


0-42-^22 X 


11X2 T_X 



^uj<IQ.OOU 

xh-a:aooQ 

00 CD 



•-4 JO-JO»^QOC:Q- C00<-^<XQ->^C-OQ- OCLIDOOO 



o 

vO 

(NJ 



0-4 CM 
'O'O 
CM CM 



rr-j) 

CM 



CM CM 



CMni 'Tin 

r-r- 

(MCM CMCM 



nOCU 

r*-r- 

CMCM 



-jo2o-9a 

XQXULO 

o 

o 

m 



U33 

CJC/^C/) 



UOOO 



oo 



oooo 



53 



QC 

I 



w ^ 

^ <c 
Xh-2! 

OIM 

X -2 

CJO<X 

<XKO 

UL 

— <-oa: 











1 — 








^XLUO 










t /3 








1 — CC 










Ul 








0 — <wu 










H- 








xh-UJf^ 










w 








H 2 COC 










H- 








<i«^oo 










a. 








QCCL 1 — 


















XQC 










LO 








Jfc<UJ|— 










* 








UJOOUl 








- 3-3 










X UJOO 








w^— » 


2 : 








z 








LOoO 


w 








LO f !LU 




*»■* 




* *«• 


o»^ 


CNJ 


eg 




lU— .CO qC 












(NJ 


•» 




H-XxC 










U_#H 




l-ON 




<w 




W<W 






W •> 




LOeg 




-JQ. 




Ooo 




OlO 




•-^fn 


UJ«-g 




xxz:^: 




- 1 - 1 




I ^ 






H' •* 


2 TZ 


o< 












X^-<<M 


* LPW 




00 c H'C^-s 








-D-D 


•• 


CL 


— ogcMx 


XXX 


< XX — 










xo 


1 ro 




CLXX 


OOCCQ-X 




ow 




ow 




— 




Q-CL 


QL 0 < 








^ * (MCvl 




: 2 xog 


XC- 304 © 


0 


muj •• X 


CN 4 




•o 


— •— OOO 






XX Q- •■ • 




CD exox 


O 


- 3-5 


o 


:>^:i«CXX 




— ^<tx ••CL 


CLLL 1 G^C ^4 


CVJxO 


-^zxx 




<w<— • 




'-''- 33 <\JZ*^ 


0 ^-CL<t"» 


^ 4 ^rg 1 


4 LOO 


0<<lAJ 


•k 


LOO 




t/)OOOLO-«- 


^XCL 


•<iJ i (NO 







XZQC -J 


inx 


♦ ^ 


cnx 


^ 1 1 ♦Q-OC-J 






2 :— 


QC — 


o - 


*-^f— J 


o - 


rg<\ 4 «-i*«iOx i 


^ 1 — L-— *IM 






X-JOXX 




LOO 




LOQIOO Z *0 


(>4 4 - LOx 1 


4 .x<>< 1 X 


X«»> w 


h-— IQC'-^ 


•* II 


XX 


••II 


xxxxcvjQCX no* 


2 : 1 — Lu Q-H-cnh- X X--X CT' X CL a. 


<UJO«J 


in '"5 


-^X 2 Cn -3 


xx:Dr3-»- 


II ^-5 II <QOOCO<I^»— 1 1^0X000 CL ZQ-Cg CL XaLUUULJUl 


o 


LOt/) 1 


o 


LO</)t/)tO ■» 


— »CL H ♦ • 


in^UI^H-MJxUJ II II , 


r.(ii<<=3r)cira;z*-)- 




II II CL ^00 


M II •»• * U-ZSi-l“J ~00 


<CLVJLO|— 




— Q£lXZZUjOO<Z 



o<^ 

• • 

oo 

II II 

o*3cs4rjinm it w<mw-D ii h o ii ii coai ti o ii zroaxxo^ u •* 8=oi?-<»XLLXa:^x 
t/ito I I •»-»->-<»— x 

X3L^^ ^X^OOVJX^ X>-a“5“3 vi</)^wOO II 

— II 0.0 II —^13 It OO H It II UJ<IU_^<IX^'— 'OllUIA»LUU-MJLJIiJXU-U- JLO t— 

^oox^o:^v)cox>^o:^i/)oOLLOt— ait>-iCa:cn/)t-je;Q-l—*-«o-<t— 0 ^-Q^o-o»^< 3 Q-OQ.'^JOOO Z 



fM >o 



COLT 

oo 



m 



rvjrn 

fNJCNj 



r-co 

Cv 4 f \4 



U'U'OCDO 

(NjcMOmo 
m 



oo?ooo; 



54 



X 

< 

X 

z 

<vj 

ii 



O 

z 

r) 

LJ 

tr 

O 

X 

o 

< 

CD 



X 

CL 

Q 



<c 













z 




cr 




X 














V- 








o 




CL 














z 




o 


— • 


h» 




< 














«k 


h- 




O 


Z 


a 


cC 














f-l 


Z 


h- 


• 


•» 


-j 


o 














It 


■k 


<1 


o 


X 


CO 
















z 


X 


ac 


o 


II 


LJ 


— k 
















<x 


•k 


03 O 


z 


•k 


o 
















X 




CO »-4 


•k 


a. 
















z 


z 


-^Z 


r- * 




Z 


*«• 






— k 










»k 


z^ 




Z 




m 






— k 








►4 


Q- 




X 




CL 






rvj 










X 


a 


oHX 


o wu 


0-4 


a 


o 














(X 


K- 


XQ. 


1- X 


X 


•» 


a 




O 


o 




r- 




•» 


Z 


CL •> 




Q- 


Q. 






t-4 


1-4 










•» 


•k— k 


O CL 




-I 


1 




o 


o 




1 




z 


o 


--►z 






CO 


Ca« 




o 


o 




i ^ 






UJ 


Zw 


< 


z 


C3L 


X 




ro-j 




o 


w r-<\j 




a. 


(X 


— ’Ol 


cr 




«k 


UJ 




m<T 


c 


r- 


CL p-ir- 




X 


X 


Q-X 




a 


u. 


00 




rn 1 


1 




x^ 




-< 


•k 


X< 


0X0 


X 


Z 






(O^ 


— 


•» 


•» 




cr. 


X 


-OQC 


OtUr-l 


<i 


»-<i 


< 






CM 


O' 


(X 1 r-c\j 




•» 


Q. 


OC «k 


*xo 


UL 


OL 






a * 


• 








z 


(X 


-z 


0^0 


«k 


•k 


2C — 




K- + 


4* 






»r4 






Z-- 


O *Q — 1 


z 


K- 


<o 




M 


rsj 


X •" 


X Z>oo-^ **a. 


CL 


— H 


Ot/>^ 




^LUX< 




Z-^ 


cc •» 




0-' 




<o 


< '—xOLfO* 


-r 




r-<^ CO 


s^^'OOO 


o 


QO 


o 


OO 


O 


X'O 


X CLCL 1 r^o 


o 


r-» 


•* 


*• ►UJUJ<N •cticc 




•TO 


o 


»-4 


1-4 


z^ 


ZO X 1 — ^ • 


♦U- 


«» 


O **vO 


vO'OtXtXM^If II #-4 *k 


^ «k «k 


oo 


•k 


^o 


o 




*• *0 < — LL «— <M 


csja 


nO 




^-'^CLU.XX^^ 


^ O 'O vQ 'O 






oo 


o 


rvi*— 


ZO • QCZU.»M 1 


4* ^ 




UJwUJ 


UJIU II 


I! U3UJXXX— 


CO 11 


II 




CM— 1 


II z 


II II om (1 '-'>«40 lu- vto.o 


OI 




H-H— 


^xxujuj<ujujujai 




-3 


>r< 


CM< 


Z— ' 


. II 03— .•r^O 1 iXf^U- II UJUJI— --ZZXh-l— KH-UJZO 




9W 


CM— 


CL 




ZJl3«-»XQC:e-oQC II CCq: •. 


••CT'^ •» •* 


Z e« i> Ca4 J 


CM 


UJ* 


CM* 


OXf-l<Mw^ WQ.COLLO 


QZZZIXZ3qC3233«/>OOCOXi/1</> II qCQCIXqcZj-Q.^ 


CM 


Ooc^ oc 


03< 1 


1 GDO^ao II cd6»« II o II ^ 


x«^3:o-4 :s 






X3:S3X®-^QC ^OCsir-4 *(1 


• o II 



-H QC ^ »— <X X < O U. f 

^-X U-XZZ 

U LL »— LJ <t cx V-J JX. LL C3 O 

t-Jo^Z O Qd o 0>-fl(>-4CJ OQ QOO 



tr 

nO 



(NJ 

03 



o 

r>* 



^rvj rn^om 
r^r^oo<x> 



h- 

Z 

o 

o 

C3 

O 

O 



QC<r <Q1 
uti— ou.h-*aj 



fOJ X f^— ^ •4*t— ^ 
ZK-J r-i ^ 

CJVXILJ II O II U.W II LJ^ 



CTCU 

0303 

r^r- 



o 

o 



oi 

m 

m 

m 



55 








.1 



A 













CN4 

I 

o 

«» 

0 •• 

CM • 

1 O 









A 


o:o 








UO 
















tuo></> 








ULl 














XCM 


1— •‘UJ 








J> 














lyiit 


uj • :> 








CX 








t 






<i/> 


xocn 








3 




• 










X < 










U 




0 








— > 




a: 












0 








A 


•sJ 


<c^ 






*— 


3 




0 








rM 


> ► 




in 




0 


< 


CO 










w 


«•> 


•i*< 


<n 




#» 


1— 


00 


•If 








O 


O *‘</> 


• o 


r- 




0 


Z 


r- 


p— 








f-i 


0OP*^*-4 


>— ‘C^ 


pH 




•k 


uu 


pH 


c»« 








o 


-<CMX 


0»Hf— 






<M pH 


X 




p» 








o 


»HO< 


ZwUJ 


0 




0 


f>H 


0 


3 












UJQ.CX 


H 




0 K 


(X 


K 


w 








3 


pH "nu 


3'^0 






«H tU 


LU 




CL 








! 


•ox 


C2r«^tu 


C 




3 


0 . 


CD 


3 










o •>- 


LUZ^X 


0 




0 


X 


0 


CD 








• 




□Cwl— 






H- 1— 


LU 














O »HiiCOCLa 






<X 




*-• 


— 0 












1- • X 


• 


pH»ia 


0 Q 


3 : 


• 


pH pH 








rM 


•p •*<x 


•• *p< 


0 




0 > 


<o: 


H-O 












• »o< 


• * 0 : 


z • 


33 


0 (^ •• 


(X3 


< • 


30 


(^0 






o 


OOco 


0000 


aiu 




-^<M • • •♦— 


^0 


oo 




CM • • • 


fO 


o> 




► - uu 


1 »* •* pH 




OCCL 


Z 1 pHO»h<I 


Z 


ZLU 


(X<1 


1 pHOw-5 


•* 




o 


• *ax 


• *0 •» 


•p • 


MJUJ 


LJ II It II II C-J 


a 


p» • 


3-Jf 


tt It M II 


f-H 


«->4 


o 


OOI— 


•H— ^ 


MrM 


‘^X 


K-CM 


pH— . 


cncL 


— 


H 


II 






H 


11 »>4 


>0 II 11 


«,-i CM rH CM 


It 


It )H 


11 ft 


pH CM *H CM 


9-4 


3 


< 


QOOOtOCOOth^ 


-5 -SH®-<^-- 


0 4 4 ^UJ 


C0e»-9 


3 •* 1-1 


i^p-- 


444 - + 


OJIU 




'i- * 


UJCH4-^ZZ 




-5 + 4* H*l— UiUU ZUiZ 


3 4 




i|4-f— K 3 


3=5 


m 


-)#• 


3 0^ QC C-4 C«4 X X 


^Ow»— pHI— UIMI3 


1 •uj‘umuio*t,3>,i>^' 


K tuu • 3 U-I u tiuuj 




in 


CL 


• 2:OOH--i<<H<50 


ODcxK 


IU^32 


:>-3333-JZH-CX) 


0D(XUJ~53Z3333 



+ »— H-<r •in + -^^»~-j-J<rcD-J ^<1-1 II II ^rvl II f— It H-H-K ♦-►-I— --If-I II 9-^CQ III 

II ^OO II LJ II II V)OW»^»-J‘^<10UJUil-JCJU- OCJQLJ<XO^*OlAJl-JULiUUUJaLJOCJUJO 

'M0OQ^slQ_J>^Moe-)0 OO O^:^Qi>-<i^.O-5X>O0^XX>->o0 0“^Q*-^~5X>-C^XX>> 



(MpH 


in<r 


in 


0 


r- 


CM 


m 


CM^ 


in>r 


CO 


03 


00 


0 


CO 


(MpH 


in>r 


r- 


r- 




0 


r^ 


(MpH 


in-r 


^4 




pH 


•H 


fH 



oo 



56 



a. 



OsJ 

-fr 






— fO 

m 



rvi 

ft 






i/5 





2 






O 0-4 




— * w 






o 






M CO 




pH'0 






►-1 






# * 




w • 






1— 






— CD 




CLX 






o 






oc: ^ 




^O 






WJ 






9-4 




— CM 






QC 






rsl 04 




CM 






a: 






1 5-4 -»• 










o 






— to * 




Q. > 


— 




o 






pH C0>4— • 




— 


'N. 


o 








•* OQ-O 


— 


— 


^ 4* 




z 




o 


>-• 0^04 


O 




o— 


P-4 


o 




m 


1 —00 


> 




>x 


1 






cr 


< M Oco-* 


o 


• Q- 


pHvO 


* 


H- 




<M 


1— Oi-iO • 


•» 




II 


—4 


< 






<f — >40000 


pH 


< — 


-5‘0 


p» 


CD 




O 


— 'OvJOOZ^O 


> 


OdO 


p> • 


h- 


o: 




1— 


* -if 00>mCDO 


h- 




— QQ 


LU 


o 






QC-if Oco-f ^ 


LU 


CL a. 


"^LL 




1— 




a 


<00-4 •* 


O— 


• 


p*'— ' 


Pk 


a: 




o 


OphX 


•.(JX 


C7 


>4 in 


1— 


LU 






woo— 0^3 


H-0> 


UJ 


•«— * 


<. 


a. 




P-* 


•♦'Zcr-iwj. 


<U^ 


QC 


<ix 


o 






• 




Q4« 


LU 


l—(j> 


> 


xo 




o 


,-400^* o:o— 


> 


- P— 


< 




<o 


-J 


Z t 


— ' 1 *00-4^ 


oo • 




^T'^CM 


»— 


0^ ^ 


X 


uo 


H •UJ-JCOO 


(\J • • •— f— o 


X''-' 


O t 


< 


OLU 




^in 


n< ^ m C<^ 


1 fHO«Hro< •— 




u 


-»• 


i-4< 


* • 




It n II II *^o •p-4f\i'v. 


>fnu- 


X 


o— 


O^H- 




oof- — CLOI<t <I 




pHin • 




»-^00— 1 


« <M 


x^Ctf-|UJ 


pH (\J p-4C\JUJ ^ <r 


in II crx 


OJ 


<w> 


^VUJ 


^ «0 


+ -f + -f CLUJI— 


c-cCMCM 



2UJOOUJOO »-* + II II CL »^NJU^ 

I II II II ^rn<t — *-^Z)tuLUiuiiJiuc--i_jvO’^ (\iOw^ 

• "f-^O Ln<ujOO<OH-^®*^2“3“3 “5“32 T«jQ- '*•'»— 

-Xll— <\i.-*0^0<^f— “D»-#0-<3|— •<-^-n^0»s3wwww LUC 

.jH-o: II 11 llo-« II CNJ<I It L0<>^<tO It ^— H-f— 3T 

«jz<ia:ct:cc<yii— <i<t^<<i<i<i«j-j-j'«cc 

<lOr-<^0<lQ-Ui\-JUL II 3QOOCJOQCJ<^<3 <1010— “OtJC.00^--!! 

0 0<>^«^«^MUJ-5Qcx^-7V)Oc-«cQX^XOX>:>>-OeJ0^UL i-ia^ULO^’^ 



iX 

(jNLU<to-< 

fVJl-XKCL 

c^criiao 



<r 


o 


«-4 


m(M 


U4 


in 


in 


mu> 


r- 




O' 


Ov/' 


•H 


CM 


(M 


rs|CM 




f * 




I 





BIBLIOGRAPHY 



[ll A.B.Coppens, Private Comnunication 

C2l A.B . Coppens , Private Communication 

[ 3 ] A.B.Coppens , and J.V. Sanders, "Finite Amplitude Standing 
Waves within Real Cavities ",J. Acoust . Soc . Am. , 5B(6 ) , 
December, 19 7 5 . 

[ 4 ] M.J. Kilmer II, Finite Amplitude Effects in Rectangular 
Cavities with Perturbed Boundaries , Thesis, Naval Postgraduate 
School , Monterey , California ,1975. 

15] R.R.DeVall, Finite Amplitude Waves in Imperfect Cavities . 
Thesis, Naval Postgraduate School , Monterey ,Califomia, 1973. 

^6"] G.Kirchoff, Ann. Phys . ij^eipzig . ,V. 13U P.177-193 ,1868. 

£73 H.Lamb, Dynamical Theory of Sound 2nd ed.,Chap.6, 

Edward Arnold and Co., London England, 1925. 

Csl E.Kuntsal, Finite Amplitude Standing Waves in Rectangular 

Cavities with Perturbed Boundaries , Thesis, Naval Postgraduate 
School , Monterey , Cali f omia , December ,1978. 

^ 9 } D.T.Blackstock, J. Acoust . Soc. Am. 36 , 217(L ) ,1964. 

CIO] Versatec Graphics Plotting Manual, Tech. Note No: 0141-34 
February ,1978. 



58 



INITIAL DISTRIBUTION LIST 



Number of Copies 
2 



1. Defense Documentation Center 
Cameron station 
Alexandria, Virginia 22314 

2. Library, Code 0142 2 

Naval Postgraduate School 

Monterey, California 93940 

3. Department Library, Code 61 2 

Department of Physics and Chemistry 

Naval Postgraduate School 
Monterey, California 93940 

4. Professor Alan B. Coppens , Code 61 Cz 2 

Department of Physics and Chemistry 

Naval Postgraduate School 
Monterey, California 93940 

5. Professor James V. Sanders, Code 61 Sd 1 

Department of Physics and Chemistry 

Naval Postgraduate School 
Monterey, California, 93940 

6. LT. Mehmet Aydin 3 

Zincirlikuyu Caddesi No=99 

Kasimpasa, Istanbul /TURKEY 

7. LT. Ender Kuntsal 1 

Akatlar, Zeytinoglu Caddesi 

Safak Apt. 240/16 
Etiler, Istanbul/TURKEY 

8. Turk Deniz Kuvvetleri Komutanligi 2 

Ankara /TURKEY 

9 . Dr . D . T . Blackstock 1 
Applied Research Laboratory 

University of Texas 
Austin, Texas 78712 



59 



1 



10. Dr. Logan Hargrove, Code 421 
Physics Program, ONR, 

Ballston Centre Tower ^ 1 , 

Quincy Street, Washington DC., 20613 



« 



60 



1 ^ 





I 







Tf 

A? 

! 



Thesis 

A9943 

c.l 



^Thesis 180110 

A9943 Ayd i n 

c.l Theoretical study of 

finite amplitude stand- 
ing waves ir rectangular 
cavities with perturbed 
boundari es. 



180110 

Aydi n 

Theoretical study of 
finite amplitude stand- 
ing waves in rectangular 
cavities with perturbed 
boundari es. 



Theoretical study of finite amplitude st 




3 2768 001 91093 8 



DUDLEY KNOX LIBRARY 







